Abstract. The dynamic modeling and simulation of a novel wall-climbing robot is presented. For the novel biped-wheel hybrid locomotion mechanism of the robot, its locomotion modes and typical state of motion are analyzed. Based on the description of the robot's pose, the dynamic model for two typical states of motion, point turning in a flat surface and transition between two intersecting surfaces, is established. The equation for calculating adhesion force when the robot moves on arbitrary inclined surfaces is derived from the dynamic model. Simulations for the adhesion force are implemented with three typical examples. The results show that the tilt angle of the attachment surface and the motion direction of the robot have great influence on the adhesion force.
Introduction
In recent years, wall-climbing robots have received more and more attention for the reason of performing tasks in dangerous and difficult-to-access environments for human workers, such as high-rise buildings, or nuclear facilities [1, 2] . Research on wall-climbing robots is mostly focused on two basic functions: locomotion and adhesion [3, 4] . Besides theses two aspects, however, adhesion force control for wall-climbing robot with various types of motion in surfaces of arbitrary tilt angles is a thorny problem. Most of the existing wall-climbing robots only move on a single surface. They cannot adjust the adhesion force and the adsorption device works with fixed speed. So, the robots fall down easily when they cross over obstacles, such as rivet and gap [5] [6] [7] . Meanwhile, for robots with wall transition capability, the reasonable value of adhesion force needed in different inclined surfaces is various [8] [9] [10] . The adhesion force can impede the robot's motion if it's oversize. In turn, the robot will drop down easily from the attachment surface if the adhesion force is not sufficient.
Aimed at the situation, the dynamic model of a novel wall-climbing robot is set up, from which the adhesion force calculation formula is derived. This analysis lays the theoretical foundation for structure optimization and adhesion force control, and is especially suitable for wall-climbing robot with wall transition capability.
Mechanism Description and Locomotion Modes Analysis
The wall-climbing robot presented here includes a negative pressure adhesion module, a vacuum adhesion module and a planetary-gear train, which constitute the biped-wheel hybrid locomotion mechanism [11] , as shown in Fig.1 . The movement of the planetary-gear train in conjunction with the two modules mentioned above can realize the bipedal locomotion mode. A 3-wheel locomotion mechanism is installed inside the suction chamber and can enable the robot to work under the wheeled locomotion mode. The bipedal locomotion mode is mainly used for obstacle negotiation. The wheeled locomotion mode plays an important role for fast movement and steering adjustment. The two locomotion modes can be carried out separately, and also performed simultaneously to realize the hybrid locomotion mode. The robot can not only move on a single flat surface, but also realize the transition between two intersecting surfaces.
As a typical motion states, the motion procedure of concave transition between two intersecting surfaces, as shown in Fig. 2 , is analyzed as follows: 1) Under the wheeled mode, the wall-climbing robot moves fast to close the vertical wall. 2) When the robot reaches to an appropriate position near the wall, the vacuum adhesion module is driven to the location where the vacuum cup is parallel with the wall. 3) With some subtle adjustment, the vacuum cup closely contacts with the vertical wall, after which the vacuum adhesion method is started. 4) Then, the negative pressure adhesion module is driven to touch the wall well, and the adhesion method is changed to carry out the wheeled mode. The robot can realize the motion in arbitrary inclined flat surface and the transition between two intersecting surfaces. However, the adhesion force needed by the robot in different surfaces is various. Therefore, the dynamic model of the robot in typical motion states is required to derive the adhesion force for stable adhesion.
Dynamic Modeling and Analysis
The wall-climbing robot has two typical motion states: locomotion in a flat surface and transition between two intersecting surfaces. So, the dynamic model of the robot with the two motion patterns is set up. To facilitate dynamic modeling, Cartesian coordinate system is used for the parameterized description of position and orientation of the robot and its attachment surface.
Coordinates Systems and Homogeneous Transform Matrix. First, a coordinate system {X s , Y s , Z s } is built to express the orientation of the attachment surface. G represents the direction of gravity. The Denavit-Hartenberg Notation is used to describe the pose of the robot [12] . The coordinate systems are assigned when the negative pressure adhesion module adhere to the surface, as shown in Fig.3 . The reference system, frame {0}, is attached to base of the robot. The origin of frame {0} is in the middle of the two contact points between attachment surface and the two driving wheels. The parameter α is used to denotes the orientation of the attachment surface. The parameter θ is the angle between axis X s and axis X 0 of reference frame {0}. The transformation matrix from frame {4} to the reference frame {0} can be expressed as 
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where c i is shorthand for cos θ i , s i for sin θ i , and so on.
Dynamic analysis for locomotion in a flat surface. For the state of locomotion in a flat surface, there are two typical patterns: straight movement and point turning. Because the straight movement is relative simple, the dynamic analysis for locomotion in a flat surface is focused on the motion of turning in place. 
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Assume that the robot rotate around the z-axis of reference system {0}. Forces acting on the robot is shown in Fig. 4 . Besides, the two modules of the wall-climbing robot are stationary relative to each other, and there is no slip during the rotation. The center of gravity of the whole robot system in reference frame is (x c0 , y c0 , z c0 ). 
where F c refers to the inertia force caused by rotation; ω is the angular acceleration of the robot; J is the rotational inertia. Assuming that there is no slippage, dropping, overturn or side turn and stall, the parameter descriptions of these constraint conditions are 
Dynamic analysis for transition between two intersecting surfaces. According to the locomotion mode analysis, there are two methods to realize the transition between two intersecting surfaces. Fig. 5-1 use the negative pressure adhesion module to adhere to the transition surface. 
Industrial Instrumentation and Control Systems II 5-2 use the vacuum adhesion module to adhere to the transition surface. The dynamic analysis for surface transition aimes at the state in Fig.5-1 . Fig. 5 The coordinates frames of the robot During the transition, the straight line motion under wheeled locomotion mode and the flip motion of the vacuum adhesion module are implemented simulatiously. To analyze the interaction effects between the two motion patterns, appropriate simplification for the robot is made, as shown in Fig.6 . The robot can be seen as articulated robot, and can be analyzed using the iterative Newton-Euler dynamics algorithom. The effect of gravity loading on the links and the straight line motion can be included by setting 1 1 gsinα cosθ+a gsinα sinθ gcosα
where g is acceleration of gravity, a is the acceleration of straight line motion. Analysis of forces acting on the robot during the state of transition is shown in Fig. 7 .The force and torque balance equations is as Eq.6. Assuming that there is no slippage, dropping, overturn or side turn and stall, the parameter descriptions of these constraint conditions are expressed as Eq.7. So, there is formula for calculating adhesion force during wall transition, as Eq.8. 2  2  1  1  1  1  1  1  2  2  1  1   2  2  1  1  1  1  3  3  1  1   2  2  2  cos  sin cos +  sin sin ,  3   2  2  2  2  2  2  4  cos  sin cos  sin sin ,   2  2  2  2  2  4 cos sin
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Based on the dynamic model analysis, the adhesion force of the robot with typical state of motion is obtained. According to the equations, many parameters have influence on the adhesion force, such as α, θ, µ 1 and µ 2 .
Simulation and Data Analysis
To obtain the adhesion force needed by the robot when moving on arbitrary inclined surfaces, simulations are conducted based on the dynamic model. The parameters of the prototype added to the dynamic model are as follows: the weight is 1.9kg; the friction coefficient µ 1 =0.7; µ 2 =0.15. Three examples are analyzed. Example 1 studies the adhesion force of the robot when keeping stationary state in arbitrary pose. Example 2 analyzes the state of point turning, of which the angular acceleration is 0.5 rad/s 2 . Example 3 focuses on the state of transition, of which a=0.5g, 2 θ =0.174 rad/s 2 . Fig. 8 shows the adhesion force needed by the robot in example 1. The maximum force is reached when α=1.82 (rad), θ=2.14 (rad). When the state of the robot changes away from this pose, the desired adhesion force decreases rapidly. Fig. 9 shows variation trend of adhesion force of example 2. Fig. 10 shows variation trend of adhesion force of example 3. The maximum adhesion force needed by the robot in example 3 is about 18% larger than that in example 1. Adhesion force（N
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Industrial Instrumentation and Control Systems II According to the above analysis, the minimum adhesion force for the robot in typical motion states is obtained. When α and θ take different values, the minimum adhesion force vary widely. So the safest pose and the most dangerous pose can be acquired based on the value the minimum adhesion force. Besides, the minimum adhesion force in kinestate is larger than the stationary state. In the most dangerous pose, there is a difference of about 18% for minimum adhesion force between the two state.
Conclusion
To obtain the adhesion force of a novel wall-climbing robot in arbitrary inclined surfaces, the dynamic model of the robot for typical state of motion is set up. The adhesion force calculation equation is derived from the dynamic model. The simulation for adhesion force show that the tilt angle of the attachment surface and the motion direction of the robot have great influence on the minimum adhesion force. Accoring to the analysis of the minimum adhesion force, the safest pose can be acquired, which supply reference for motion planning of the robot. Moreover, the simulation data can be applied for structure optimization and adhesion force control.
